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(57) [Abstract] 

[Object] To provide a nanostructure including an anodized 
film having highly uniform nanoholes suitable for advanced 
function device applications . 

[Solving Means] A nanostructure includes a substrate 
having a conductive surface; an anodized film with nanoholes 
on the conductive surface; oxide layers between the bottoms 
of the nanoholes and the conductive surface; and paths in 
the oxide layers. The paths connect the bottoms of the 
nanoholes to the conductive surface and contain the material 
that constitutes the conductive surface. 
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[Claims] 

[Claim 1] A method for making a nanostructure comprising a 
substrate having a conductive surface, an anodized film with 
nanoholes on the conductive surface, oxide layers between 
the bottoms of the nanoholes and the conductive surface, and 
paths in the oxide layers, the paths connecting the bottoms 
of the nanoholes to the conductive surface and comprising 
the material that constitutes the conductive surface, the 
method comprising the steps of: 

1) forming an aluminum- containing film on the conductive 
surface of the substrate, the conductive surface containing 
at least one element selected from Ti, Zr, Nb, Ta, and Mo; 
and 

2) applying a voltage between the aluminum- containing film 
and a counter electrode to anodize the aluminum- containing 
film so as to form the anodized film with nanoholes, 
wherein, in said step 2), the anodization is performed while 
monitoring an anodization current and is stopped after a 
change in the anodization voltage indicating that the 
anodization has proceeded up to the conductive surface is 
detected. 

[Claim 2] A method according to claim 1, wherein the 
anodization is stopped after the anodization current has 
dropped to 1 mA/cm 2 or less . 

[Claim 3] A method according to claim 1, further comprising 
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the step of heating after said step 2). 

[Claim 4] A method according to claim 3, wherein the step 
of heating is performed in a reducing atmosphere. 
[Claim 5] A method according to claim 3 or 4, wherein the 
step of heating includes heating at 300° C or more. 
[Claim 6] A method according to claim 1, wherein the 
conductive surface contain Nb or Ti. 

[Claim 7] A method according to claim 1, further comprising 
the step of filling the nanoholes with at least one of a 
metal and a semiconductor after said step 2). 
[Claim 8] A method according to claim 4, further comprising 
the step of filling the nanoholes with at least one of a 
metal and a semiconductor after said step of heating the 
nanostructure . 

[Claim 9] A method according to one of claims 7 and 8, 
wherein the step of filling the nanoholes with at least one 
of the metal and the semiconductor includes a contact step 
of bringing the nanostructure into contact with a melt of 
the metal and/or the semiconductor for filling the nanoholes. 
[Claim 10] A method according to claim 9, wherein the 
contact step is performed under a pressure. 

[Claim 11] A method according to any one of claims 7 to 10, 
wherein the metal and the semiconductor are each at least 
one selected from In, Sn, Al, Se, Te, GaSb, and Bi 2 Te 3 . 
[Claim 12] A method according to any one of claims 7 to 10, 
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wherein the metal and the semiconductor are each at least 
one selected from Ag, Au, Cu, and Ge. 

[Claim 13] A method for making a nanostructure comprising a 
substrate having a conductive surface containing at least 
one element selected from Cu, Zn, Au, Pt, Pd, Ni, Fe, Co, 
and W, and an anodized film with nanoholes on the conductive 
surface, the nanoholes extending up to the conductive 
surface, the method comprising the steps of: 

1) forming an aluminum- containing film on the conductive 
surface of the substrate, the conductive surface containing 
at least one element selected from Cu, Zn, Au, Pt, Pd, Ni, 
Fe, Co, and W; and 

2) applying a voltage between the aluminum- containing film 
and a counter electrode to perform anodization so as to form 
the anodized film with nanoholes, 

wherein, in said step 2), a current limit is imposed on the 
anodization voltage output. 

[Claim 14] A method according to claim 13, wherein the 
value of the current limit is less than 50 mA/cm 2 . 
[Claim 15] A method according to claim 13, further 
comprising the step of filling the nanoholes with at least 
one of a metal and a semiconductor after said step 2). 
[Claim 16] A method according to claim 15, wherein the step 
of filling the nanoholes with at least one of the metal and 
the semiconductor includes a contact step of bringing the 



- 5 - 



nanostructure into contact with a melt of the metal and/or 
the semiconductor for filling the nanoholes. 
[Claim 17] A method according to claim 16, wherein the 
contact step is performed under a pressure. 

[Claim 18] A method according to any one of claims 15 to 17 
wherein the metal and the semiconductor are each at least 
one selected from In, Sn, Al, Se, Te, GaSb, and Bi 2 Te 3 . 
[Claim 19] A method according to any one of claims 15 to 17 
wherein the metal and the semiconductor are each at least 
one selected from Ag, Au, Cu, and Ge. 

[Claim 20] A nanostructure comprising a substrate having a 
conductive surface, an anodized film with nanoholes on the 
conductive surface, oxide layers between the bottoms of the 
nanoholes and the conductive surface, and paths in the oxide 
layers, the paths connecting the bottoms of the nanoholes to 
the conductive surface and comprising the material that 
constitutes the conductive surface. 

[Claim 21] A nanostructure according to claim 20, wherein 
the conductive surface contains at least one element 
selected from Ti, Zr, Nb, Ta, and Mo. 

[Claim 22] A nanostructure according to claim 21, wherein 
the conductive surface contains Ti or Nb. 

[Claim 23] A nanostructure made by the method of claim 1. 
[Claim 24] A nanostructure made by the method of claim 13. 
[Detailed Description of the Invention] 
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[0001] 

[Technical Field of the Invention] The present invention 
relates to a nanostructure with nanoholes fabricated by 
aluminum anodization. The structure has a wide application 
range including functional devices, such as electronic 
devices and microdevices , and structural components. The 
structure may be used as an anodized film that functions as 
an antiwear material or an insulating material. 
[0002] 

[Description of the Related Arts] A thin film, a thin wire, 
or a dot of a metal or a semiconductor smaller than a 
particular size in some cases exhibits peculiar electrical, 
optical, and/or chemical characteristics due to restriction 
of electronic motion. Because of these characteristics, 
much attention has been drawn to a material having a 
structure finer than 100 nanometers, i.e., a nanostructure, 
for use as a functional material. 
[0003] A nanostructure is made by, for example, 
semiconductor processing technology. Examples of thereof 
include fine pattern writing techniques such as 
photolithography, electron-beam lithography, and X-ray 
lithography. 

[0004] In addition to these techniques, an attempt has been 
made at making a novel nanostructure based on a naturally 
occurring periodic structure, i.e., a self -organized 
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structure. According to this technique, a peculiar 
structure finer than the conventional nanostructure may be 
realized depending on the fine structure used as the base. 
Extensive investigation has been made on this technique. 
[0005] An example of a self -organized peculiar structure is 
an anodized aluminum film (for example, refer to R. C. 
Furneaux, W. R. Rigby and A. P. Davidson, NATURE, Vol. 337, 
p. 147 (1989)). A porous oxide film is formed by anodizing 
an aluminum board in an acid electrolyte. 
[0006] As shown in Fig. 3(c), the porous oxide film is 
characterized by its peculiar geometric structure comprising 
extremely fine cylindrical nanoholes 14 having a diameter of 
several to several hundred nanometers aligned in parallel 
rows at an interval of several to several hundred nanometers . 
The cylindrical nanoholes 14 have a high aspect ratio and 
high uniformity in diameter at cross-sections. To a certain 
extent, the diameter and the interval of the nanoholes 14 
can be controlled by adjusting the current and voltage 
during anodization. 

[0007] Due to the peculiar geometric structure, the 
anodized aluminum film has been applied to various uses, and 
an extensive study has been made by Masuda. Below are some 
examples of the application. Due to the antiwear property 
and the insulating property, the anodized film is applied to 
coating. The anodized film may be isolated and may be used 
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as a filter. A technique of filling nanoholes with a metal 
or a semiconductor or a technique of making a replica of the 
nanoholes may be employed to use the anodized film in 
coloring, magnetic recording media, electroluminescent 
devices, electrochromic devices, optical devices, solar 
cells, and gas sensors. The anodized film may also be 
applied to many fields including quantum-ef f ect devices such 
as quantum fine wires and MIM devices, and molecular sensors 
using the nanoholes as chemical reaction sites (Masuda, 
SOLID STATE PHYSICS, 31, 493 (1996)). 
[0008] The production of nanostructures using the 
semiconductor processing technology described above has 
drawbacks such as low yield and high equipment cost. A 
simple technology that can produce nanostructures at high 
reproducibility is desired. 

[0009] A self -organization technique, in particular, an 
aluminum anodization technique, is advantageous since 
nanostructures can be easily formed at good controllability. 
Moreover, generally, large -area nanostructures can be 
produced by the self -organization technique. 

[0010] For example, Japanese Patent Laid-Open No. 63-187415 
discloses a magnetic recording medium comprising a substrate, 
an electrochemically stable conductive base layer on the 
substrate, and an anodized film of aluminum or an aluminum 
alloy on the base layer, wherein the anodized film has 
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nanoholes filled with a magnetic material. The 
specification discloses that the base layer should be formed 
by Rh # Nb, Ta, Au, Ir, Pt, Ti, Cr, Pd, Ru, Os, Ga, Zr, Ag, 
Sn, Cu, Hf r Be, or the like so that the depth of the 
nanoholes formed by anodization of aluminum or an aluminum 
alloy can be made uniform. 

[0011] Japanese Patent Publication No. 1-237927 discloses a 
magnetic recording medium in which an anodized film of a 
metal other than aluminum and aluminum alloys is provided 
between a nonmagnetic substrate and an anodized film of 
aluminum or an aluminum alloy so as to eliminate barrier 
layers from the bottoms of the nanoholes in the anodized 
film, thereby improving efficiency of nanohole plating. 
[0012] 

[Problems to be Solved by the Invention] In manufacturing 
highly functional devices using nanoholes in anodized 
aluminum films, the conditions of numerous nanoholes in the 
anodized film, e.g., the depth of the nanoholes and the 
conductivity of the bottoms of the nanoholes, are preferably 
as uniform as possible. Conventionally, anodization has 
mainly been controlled by adjusting the time of anodization. 
The present inventors have found that conditions of 
nanoholes in an anodized film largely depend on the material 
of the base layer of the anodized film and that nanoholes 
with highly uniform conditions are rarely formed by merely 
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adjusting the time of anodization in controlling anodization. 
[0013] Thus, an object of the present invention is to 
provide a nanostructure in which nanoholes in an anodized 
film have highly uniform conditions and which can be applied 
to advanced functional devices, and to provide a method for 
making the nanostructure. 
[0014] 

[Means for Solving the Problems] The above-described 
problem can be overcome by the structure and the 
manufacturing method of the present invention described 
below. An aspect of the present invention provides a method 
for making a nanostructure comprising a substrate having a 
conductive surface, an anodized film with nanoholes on the 
conductive surface, oxide layers between the bottoms of the 
nanoholes and the conductive surface, and paths in the oxide 
layers, the paths connecting the bottoms of the nanoholes to 
the conductive surface and comprising the material that 
constitutes the conductive surface, the method comprising 
the steps of 1) forming an aluminum- containing film on the 
conductive surface of the substrate, the conductive surface 
containing at least one element selected from Ti, Zr, Nb, Ta, 
and Mo; and 2) applying a voltage between the aluminum- 
containing film and a counter electrode to anodize the 
aluminum- containing film so as to form the anodized film 
with nanoholes, wherein, in step 2), the anodization is 
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performed while monitoring an anodization current and is 
stopped after a change in the anodization voltage indicating 
that the anodization has proceeded up to the conductive 
surface is detected. 

[0015] According to this aspect of the present invention, 
the bottoms of the nanoholes in the anodized film are 
connected to the conductive surface via the paths composed 
of elements that constitute the conductive surface. As a 
result, a nanostructure having uniform nanoholes having the 
bottoms that exhibit high conductivity can be made. 
[0016] Moreover, the conductivity of the bottoms of the 
nanoholes can be further improved by heating the 
nanostructure or by heating the nanostructure in a reducing 
atmosphere after the anodization has stopped. 
[0017] Another aspect of the present invention provides a 
method for making a nanostructure comprising a substrate 
having a conductive surface containing at least one element 
selected from Cu, Zn, Au, Pt, Pd, Ni, Fe, Co, and W, and an 
anodized film with nanoholes on the conductive surface, the 
nanoholes extending up to the conductive surface, the method 
comprising the steps of 1) forming an aluminum- containing 
film on the conductive surface of the substrate, the 
conductive surface containing at least one element selected 
from Cu, Zn, Au, Pt, Pd, Ni, Fe, Co, and W; and 2) applying 
a voltage between the aluminum- containing film and a counter 
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electrode to anodize the aluminum- containing film so as to 
form the anodized film with nanoholes, wherein, in step 2), 
a current limit is imposed on the anodization voltage output. 
[0018] According to this aspect of the present invention, a 
nanostructure having nanoholes extending up to the 
conductive surface can be reliably formed. 

[0019] Another aspect of the present invention provides a 
nanostructure comprising a substrate having a conductive 
surface, an anodized film with nanoholes on the conductive 
surface, oxide layers between the bottoms of the nanoholes 
and the conductive surface, and paths in the oxide layers, 
the paths connecting the bottoms of the nanoholes to the 
conductive surface and comprising the material that 
constitutes the conductive surface. According to this 
aspect, a nanostructure including nanohole bottoms that 
exhibit uniform conductivities can be made. 
[0020] Another aspect of the present invention provides a 
nanostructure made by a method comprising the steps of 1) 
forming an aluminum- containing film on the conductive 
surface of the substrate, the conductive surface containing 
at least one element selected from Ti, Zr, Nb, Ta, and Mo; 
and 2) applying a voltage between the aluminum- containing 
film and a counter electrode to anodize the aluminum- 
containing film so as to form the anodized film with 
nanoholes, wherein, in step 2), the anodization is performed 
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while monitoring an anodization current and is stopped after 
a change in the anodization voltage indicating that the 
anodization has proceeded up to the conductive surface is 
detected. 

[0021] Another aspect of the present invention provides a 
nanostructure made by a method comprising the steps of 1) 
forming an aluminum- containing film on the conductive 
surface of the substrate, the conductive surface containing 
at least one element selected from Cu, Zn, Au f Pt, Pd, Ni, 
Fe, Co, and W; and 2) applying a voltage between the 
aluminum- containing film and a counter electrode to anodize 
the aluminum- containing film so as to form the anodized film 
with nanoholes, wherein, in said step 2), a current limit is 
imposed on the anodization voltage output. 

[0022] According to these aspects of the present invention, 
a nanostructure with nanoholes in highly uniform conditions 
that can be applied to highly functional devices can be 
formed. In the present invention, an anodized aluminum film 
can be formed on any desired substrate by selecting the 
material of the conductive layer. 

[0023] According to the present invention, the anodized 
aluminum film can be applied to various uses including 
quantum fine wires, MIM devices, molecular sensors, coloring, 
magnetic recording media, electroluminescent devices, 
electrochromic devices, optical devices, solar cells, gas 
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sensors, antiwear insulation-resistant films, filters, and 
the like. The present invention significantly expands the 
application range of the anodized films. 

[0024] According to the methods of the present invention, a 
nanostructure including a conductive layer and an anodized 
aluminum film on the conductive layer can be formed. 
Moreover, the nanostructure of the present invention has 
superior heat resistance, and a good electrical connection 
can be formed between a nanohole filler and the conductive 
layer . 
[0025] 

[Embodiments] Preferred embodiments of the present 
invention will now be described. Fig. 1 is a schematic 
illustration of a nanostructure of the present invention. 
Fig. 1(a) is a plan view and Fig. 1(b) is a cross -sectional 
view taken along line AA. 

[0026] In Fig. 1, reference numeral 10 denotes a substrate, 
11 denotes a conductive layer, 13 denotes an anodized 
aluminum film, and 14 denotes nanoholes. The nanoholes may 
be filled with a desired metal or semiconductor material by 
an electrochemical process. 

[0027] The substrate 10 may be composed of a desired 
material. Examples of the material include insulating 
materials such as quartz glass, semiconductor materials such 
as Si, and various metal materials. 
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[0028] The material of the conductive layer 11 may be 
selected according to the intended use. As described in 
EXAMPLES below, the conductive layer may contain Ti, Zr, Nb, 
Ta, Mo, Cu, Zn, Au, Pt, Pd, Ni, Fe, Co, W or the like as the 
primary component. 

[0029] The conductive layer may be selected to produce a 
nanostructure having superior heat resistance. In a 
conventional structure shown in Fig. 3(a) comprising an 
anodized aluminum film or in a conventional structure shown 
in Fig. 3(b) comprising a partially anodized aluminum film, 
the heat resistance limit is the melting point of aluminum. 
Even at a temperature below the melting point, the anodized 
aluminum film sometimes crack at a temperature of 300° C or 
more. The heat resistance can be enhanced by providing the 
anodized aluminum film on the conductive layer, as in the 
present invention. For example, the conductive layer is 
preferably composed of Nb. A nanohole structure with a Nb 
undercoat can withstand heat treatment of at least up to 
1,100° C. Thus, high- temperature processing is possible, and 
the range of choice of the material for filling the 
nanoholes can be widened. Moreover, the chemical stability 
of the nanoholes can be enhanced by heating. 
[0030] When Ti, Zr, Nb, Ta, Mo, or the like is used in the 
conductive layer for undercoat ing, oxide of the material of 
the conductive layer is sometimes formed at the bottoms of 
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the nanoholes. In such a case, the nanoholes may be heat- 
treated in a reducing atmosphere such as hydrogen to reduce 
the oxide and improve the conductivity of the bottoms of the 
nanoholes . 

[0031] In the present invention, when the substrate 
contains any one of Ti, Zr, Nb, Ta, Mo, Cu, Zn, Au, Pt, Pd, 
Ni, Fe, Co, and W as the primary component, the conductive 
layer is not necessary. In the present invention, the 
conductive layer may have a multilayer structure such as a 
Ti/Ni structure. 

[0032] In the present invention, the thickness of the 
conductive layer is designed taking into account the 
following items in addition to the intended use. When the 
substrate has conducting properties, the thickness of the 
conductive layer on the substrate should only be large 
enough to cover the substrate, and the thickness is set in 
the range of 10 nm to 100 ^m. 

[0033] When the substrate has insufficient conducting 
properties, the conductive layer functions as an electrode 
during the step of anodization. In other words, during 
anodizing of a layer containing aluminum as the primary 
component over the entire thickness, the layer containing 
aluminum as the primary component becomes oxidized as the 
anodization proceeds, thereby increasing the resistance of 
the layer. As a result, a voltage drop sometimes occur due 
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to contribution of the resistance of the conductive layer. 
From this point of view, the conductive layer preferably has 
sufficient conducting properties, i.e., the conductive layer 
is preferably flat and has a thickness that can ensure 
satisfactory layer quality. Since the preferable thickness 
range is determined by the conductivity p of the material of 
the conductive layer, the area of the conductive layer, and 
the like, the exact range cannot be exactly defined. In 
general, the thickness is approximately in the range of 10 
nm to 100 fjun, and preferably in the range of 50 nm to 1 p. 
[0034] The anodized aluminum film 13 is formed by anodizing 
a layer containing aluminum as the primary component. The 
anodized aluminum film 13 contains aluminum and oxygen as 
the primary components and has numerous cylindrical 
nanoholes, as shown in Fig. 1. 

[0035] The cylindrical nanoholes 14 in the anodized 
aluminum film 13 extend in a direction substantially 
perpendicular to the film surface. The nanoholes are 
aligned in parallel rows at a substantially regular interval. 
Moreover, as shown in Fig. la), the nanoholes tend to align 
into a triangle grid. 

[0036] The diameter 2r of each nanohole is several 
nanometers to several hundred nanometers. The interval 2R 
of the nanoholes is several nanometers to several hundred 
nanometers, and the depth of the nanoholes is in the range 
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of 10 nm to 100 Jim. 

[0037] To some extent, the interval and the diameter of the 
nanoholes can be controlled by adjusting the concentration 
and the temperature of the electrolyte used in the 
anodization, the direction of anodizat ion voltage 
application, the voltage value, the time, and the conditions 
of the subsequent pore-widening process. 

[0038] In the structure of the present invention, the layer 
containing aluminum as the primary component is oxidized 
over the entire film thickness, i.e., from the film surface 
up to the conductive layer. In other words, the bottoms of 
the nanoholes are at the conductive layer. Hereinafter, 
this structure is referred to as the "on -conductive -layer 
nanoholes". For example, when the conductive layer is 
composed of Ti, the structure is called "on-Ti nanoholes". 
[0039] As shown in Fig. 6a), when the conductive layer as 
an undercoat is composed of Ti, Zr, Nb, Ta, Mo, or the like, 
an oxide layer 17 containing the material constituting the 
conductive layer, aluminum, and oxygen is formed at the 
bottom of each nanohole. The oxide layer 17 has a path 16 
that connects the nanohole bottom to the conductive layer, 
the path 16 containing a large amount of elements 
constituting the conductive layer 11. Presumably, when 
anodization is continued after the barrier layer at the 
bottom of the nanohole has reached the underlying conductive 
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layer, the substances that constitute the conductive layer 
diffuse into the nanohole bottom, thereby producing the path. 
Compared to a conventional anodized alumina having a barrier 
layer at the nanohole bottoms, the nanoholes with the paths 
can be plated with a metal or a semiconductor by 
electrodeposition at a lower voltage with a good 
controllability during the subsequent electrodeposition step. 
Moreover, since the path is conductive, a good electrical 
connection can be formed between the filler in the nanohole 
and the conductive layer. 

[0040] The nanostructure including the paths may be heated 
in a hydrogen gas or an inert gas atmosphere to further 
improve the conducting properties of the paths. As a result, 
uniform deposition, i.e., deposition with a small variation 
in the deposited amount among the nanoholes can be achieved 
during the electrodeposition. The conducting properties are 
improved presumably due to reduction of the path. 
[0041] On the other hand, as shown in Fig. 6b), when the 
conductive layer as an undercoat is composed of Cu, Zn, Au, 
Pt, Pd, Ni, Fe, Co, W, or the like, no aluminum oxide, i.e., 
the barrier layer, exists at the nanohole bottoms. The 
nanoholes are formed as through holes . 

[0042] It should be noted that a novel nanostructure can be 
produced by filling the anodized nanoholes of the 
nanostructure of the present invention with a metal, a 
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semiconductor, or the like, or by making a replica of the 
nanoholes . 

[0043] A method for making the nanostructure of the present 
invention will now be described in detail with reference to 
Fig. 2. The description below is in the order of Fig. 2a) 
to Fig. 2b), and the following steps a) to e) correspond to 
a) to e) of Fig. 2. 

[0044] a) Forming the conductive layer 11 on the substrate 
10 

The conductive layer 11 may be formed by a desired layer- 
forming method such as resistance heating deposition, EB 
deposition, sputtering, CVD, or plating. 

[0045] b) A layer 12 containing aluminum as the primary 
component is formed on the conductive layer 11 so as to 
prepare a sample 41. The layer containing aluminum as the 
main component may be made by a desired film- forming method 
such as resistance heating deposition, EB deposition, 
sputtering, CVD, or plating. 
[0046] c) Anodization process 

The sample 41 is anodized to make the nanostructure of the 
present invention. To be more specific, the anodization 
process of the present invention includes placing the 
material having a layer containing aluminum as the primary 
component in an electrolyte and applying an anodization 
voltage between the material and the cathode. In this 
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process, the layer containing aluminum as the primary 
component is oxidized over the entire thickness, i.e., until 
?H the bottoms of the nanoholes reach the conductive layer. 

The anodizing apparatus used in this process is 
schematically shown in Fig. 4. 

[0047] Referring to Fig. 4, reference numeral 40 denotes a 
thermostat, 41 denotes the sample, 43 denotes an electrolyte, 
I 44 denotes a reaction vessel, 42 denotes a platinum board 

that functions as a cathode, 45 denotes a power source for 
applying an anodization voltage, and 46 denotes an ampere 
meter for measuring the anodization current. Although not 
shown in the drawing, a computer for automatically ' 
controlling and measuring the voltage and the current is 
also provided. The sample 41 and the cathode 42 are placed 
in the electrolyte maintained at a constant temperature by 
the thermostat. A voltage is applied from the power source 
to the sample and the cathode so as to perform anodization. 
[0048] Examples of the electrolyte used in the anodization 
include oxalic acid, phosphoric acid, sulfuric acid, chromic 
acid solutions . Conditions such as anodization voltages and 
temperatures can be adjusted according to the nanostructure 
to be formed. 

[0049] The anodization process is preferably performed 
while continuously monitoring the anodization current. For 
example, in anodizing an aluminum-containing layer formed on 



- 22 - 



the conductive surface containing at least one element 
selected from the group consisting of Ti, Zr, Nb, Ta, and Mo, 
the anodization current changes as indicated by A of Fig. 5. 
In particular, the anodization current starts to decrease 
after the aluminum- containing layer is anodized 
substantially over the entire thickness, and remains 
substantially constant thereafter. When the anodization is 
stopped at the time the current is decreased to a 
substantially constant value, the bottoms of the nanoholes 
in the anodized film have the structure shown in Fig. 6(a). 
That is, in most nanoholes, paths comprising elements 
constituting the conductive surface and connecting the 
nanohole bottoms to the surface of the conductive material 
are formed at the bottoms, although the anodized films 
remain at the bottoms of the nanoholes. When 
electrodeposition was performed on the nanohole bottoms 
using the DC power source, electrodeposits were stably 
formed at nearly every nanohole bottom. This demonstrates 
that the conditions of the nanoholes were highly uniform. 
[0050] On the other hand, when the conductive surface 
contains Zn or Cu, the anodization current drops after an 
increase, as shown by B of Fig 5. The state of the 
nanostructure produced by stopping the anodization at the 
time of the increase and at the drop after the increase, 
respectively, was observed with an FE-SEM. The anodized 



- 23 - 



film locally suffered from crater -shaped damage and had a 
portion in which the nanoholes disappeared. 
[0051] When the conductive surface contains at least one 
element selected from the group consisting of Au, Pt, Pd, Ni, 
Fe, Co, and W, the anodization current showed a sharp 
increase, as shown by C in Fig. 5. After the sharp increase, 
the anodization was stopped and the nanostructure was 
observed as described above. Almost all of the nanoholes 
were lost. When the anodization of the aluminum- containing 
layer formed on the conductive surface of the substrate, the 
conductive surface containing at least one element selected 
from the group consisting of Cu, Zn, Au, Pt, Pd, Ni, Fe, Co, 
and W, was stopped immediately after the change in 
anodization current, substantially no damage was observed in 
the nanoholes, and the conditions of the nanoholes were 
uniform. 

[0052] The reasons for such outcome are not known, and the 
description below is a presumption. Anodization gradually 
proceeds from the surface of the aluminum- containing layer 
toward the conductive surface. When the conductive surface 
contains at least one element selected from Ti, Zr, Nb, Ta, 
and Mo, an anodized film remains at each nanohole bottom, 
and the substances that constitute the conductive surface 
diffuse into the nanohole bottom via the anodized film, 
thereby forming a path composed of elements constituting the 
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conductive surface. 

[0053] When this nanostructure is heated or heat-treated in 
a reducing atmosphere, the conductivity of the nanohole 
bottoms improves. This is presumably because the substances 
constituting the paths are reduced. The anodization is 
preferably stopped after the current has reached a constant 
value in the anodization current profile shown by A in Fig. 
5. This is presumably because the paths are formed at most 
nanohole bottoms . 

[0054] In this embodiment, the anodization is preferably 
stopped at the time the anodization current reaches 1 mA/cm 2 
or less. 

[0055] When the conductive surface contains at least one 
element selected from Au, Pt, Pd, Ni, Fe, Co, and W, the 
anodization gradually proceeds from the surface of the 
aluminum-containing layer and reaches the conductive surface. 
When the electrolyte comes into contact with the conductive 
surface, electrolysation of the electrolyte at the 
conductive surface and dissolution of the conductive surface 
presumably occur, thereby allowing a large current to flow, 
thus loosing nanoholes. When the conductive surface 
contains Cu or Zn, some degree of electrolysis and 
dissolution occur when the electrolyte comes into contact 
with the conductive surface, allowing a relatively large 
current to flow, thus loosing nanoholes. Thus, in this 
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embodiment, the anodization is stopped immediately after the 
anodization current showed a change so as to highly 
effectively prevent loosing of the nanoholes. Alternatively, 
for example, a current limit may be imposed on the 
anodization voltage output, or a DC resistance may be 
provided during the anodization. In imposing the current 
limit, the limit value is preferably 50 mA/cm 2 or less. 
[0056] The following processes d) and/or e) may be 
performed depending on the use of the nanostructure. 
d) Pore widening process 

The nanostructure c) after the above-described steps may be 
immersed in an acid solution, e.g., a phosphoric acid 
solution, so as to suitably increase the diameter of the 
nanoholes. The nanohole diameter can be controlled by 
adjusting the concentration, the process time, and the 
temperature. 

[0057] e) Filling of nanoholes with a metal or a 
semiconductor 

The nanoholes 14 of the structure after c) or d) above may 
be filled with a metal or a semiconductor. Various 
techniques using different types of materials may be 
employed. The nanoholes may be filled with Ni, Fe, Co, Cd, 
or the like by an electrochemical process (D. Al-Mawlawi et 
al. J.. Mater. Res., 9, 1014 (1994); Masuda et al. 
HYOMENGI JUTSU , vol. 43, 798 (1992)), or by introduction of 
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molten metal (C. A. Huber et al. SCIENCE 263, 800 (1994)). 
Examples of electrochemical methods for filling nanoholes 
with Fe, Ni, Co include electrolytic deposition using a 
FeS0 4 aqueous solution, a NiS0 4 aqueous solution, or a CoS0 4 
aqueous solution. In Fig. 2e), a filler 15 completely 
covers the anodlzed aluminum film 13; alternatively, the 
nanoholes may be partly filled and put to application. 
[0058] As described above, the conductive layer is not 
necessarily formed when the substrate contains any one of Ti, 
Zr, Nb, Ta, Mo, Cu, and Zn as the primary component. In 
such a case, the process a) is omitted from the above - 
described manufacturing process, and the process b') of 
forming a layer 12 containing aluminum as the primary 
component on the substrate 10 may be performed instead to 
make the sample 41. The processes c) to e) may then be 
performed. 
[0059] 

[Examples] The present invention will now be described by 
way of examples. The present invention is not limited by 
the examples below, and modifications are possible without 
departing from the scope of the present invention. 
[0060] EXAMPLE 1 

Five quartz substrates each having a width of 40 mm and a 
length of 15 mm were prepared. After the quartz substrates 
were thoroughly washed with an organic solvent and deionized 
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water, Ti, Zr, Nb, Ta, and Mo were deposited on the surfaces 
of the five quarts substrates, respectively, to a thickness 
of 100 nm by vacuum vapor deposition or sputtering. In 
depositing the materials other than Ti, Ti was deposited on 
each substrate to a thickness of 20 nm in advance so as to 
increase adhesion between glass and the deposit material, 
thereby giving quarts substrates with conductive surfaces. 
An aluminum film was then formed on each of the conductive 
surfaces to a thickness of 1 \un by sputtering. 
[0061] Each aluminum film was anodized using the 
anodization apparatus shown in Fig. 4. Anodization was 
performed in 0.3 M aqueous oxalic acid (electrolyte) 
maintained at 17° C by the thermostat at an anodization DC 
voltage of 40 V while monitoring the anodization current. 
The results are shown by A in Fig. 5. As shown in Fig. 5, 
the anodization current started to drop 8 minutes after the 
start of the anodization. The anodization was stopped 10 
minutes after the start since the anodization current 
dropped to 1 mA/cm 2 or less. In the subsequent pore 
widening process, the substrates were immersed in a 5 wt.% 
aqueous phosphoric acid for 30 minutes and washed with 
deionized water and isopropyl alcohol to obtain 
nanostructures . 

[0062] The surfaces of the nanostructures were observed 
with a field-emission scanning electron microscope (FE-SEM) 
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and the cross -sections of the nanostructures were observed 
with a transmission electron microscope (TEM). According to 
the observations, nearly all of the nanohole bottoms had 
paths 16 shown in Fig. 6(a). Moreover, the nanoholes 14 had 
a diameter of approximately 50 nm and were extremely fine, 
uniform cylindrical nanoholes. Numerous nanoholes were 
aligned in parallel rows at a substantially uniform interval 
of approximately 100 nm. The aluminum films were oxidized 
over the entire thickness. 

[0063] It was also confirmed by elemental analysis that the 
paths included metals that constituted the conductive 
surfaces. This is presumably because the anodization 
gradually proceeded from the surface of the aluminum film 
and continued even after reaching the conductive surface, 
thereby allowing the materials constituting the conductive 
surfaces to disperse into the nanohole bottoms via the 
anodlzed layers at the nanohole bottoms. Particularly when 
the conductive surfaces were composed of Ti or Nb, the 
anodization current profile showed a steep drop, which 
suggested formation of more uniform nanoholes. 
[0064] COMPARATIVE EXAMPLE 1 

Substrates having aluminum films on conductive surfaces were 
prepared as in EXAMPLE 1 except that the materials of the 
metal layers constituting the conductive surfaces were 
changed to W, Fe, Ni, Pd, Pt, and Au. The aluminum films 
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were then anodized under the same conditions as in EXAMPLE 1. 
The anodization was continued for 10 minutes, i.e., until 
the anodization current showed a steep increase, as shown by 
C in Fig. 5. 

[0065] A pore widening process and washing were performed, 
and the conditions of the nanoholes were observed with a FE- 
SEM and TEM as in EXAMPLE 1. According to the observations, 
a moderate to serious degree of damage was found in the 
nanoholes in the anodized films. The phrase "a moderate 
degree of damage" means that the nanoholes were partially 
lost, and the phrase "a serious degree of damage" means that 
almost all of the nanoholes were lost. 
[0066] COMPARATIVE EXAMPLE 2 

Substrates having aluminum films on conductive surfaces were 
prepared as in EXAMPLE 1 except that Cu and Zn were used to 
form the conductive metal layers. The aluminum films were 
anodized under the same conditions as in EXAMPLE 1, and the 
anodization was stopped after 10 minutes, i.e., when the 
anodization current dropped after an increase, as shown by B 
in Fig. 5. 

[0067] A pore widening process and washing were performed, 
and the conditions of the nanoholes were observed with a FE- 
SEM and TEM as in EXAMPLE 1. According to the observations, 
a small degree of damage was found in the nanoholes in the 
anodized films. The phrase "a small degree of damage" means 
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that crater- shaped holes having a diameter of several 
micrometers were locally observed . 
[0068] EXAMPLE 2 

Nanostructures were formed as in COMPARATIVE EXAMPLES 1 and 
2 except that a current limiter was provided to the 
anodization power source during the anodization process. 
[0069] In particular, the current limiter of the DC power 
source was operated 5 minutes after the anodization, i.e., 
when the current profile of the aluminum film showed 
recovery (indicated by arrow X in Fig. 5). The current 
limit was set to a value 1.2 times the anodization current 
value after 5 minutes. Other conditions were the same as in 
COMPARATIVE EXAMPLES 1 and 2. 

[0070] The observation with the FE-SEM demonstrated that 
the damage to the nanoholes was dramatically reduced 
compared to the nanostructures of COMPARATIVE EXAMPLES 1 and 
2. The observation of the cross-sections demonstrated that, 
as shown in Fig. 6b), almost all of the nanoholes extended 
up to the conductive surfaces. Moreover, with Cu, part of 
the nanohole bottoms was oxidized. 

[0071] Each nanostructure was immersed in an electrolyte 
containing 0.14 M of NiS0 4 and 0.5 M of H 3 B0 3 , and Ni was 
deposited on the nanohole bottoms by electrolyzation using a 
carbon counter electrode. Nearly all of the nanohole 
bottoms were filled with Ni using a low voltage ranging from 
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-1 V to -1.5 V relative to the calomel reference electrode. 
The electric conductivity between nickel in the nanoholes 
and the conductive surface was examined. The electrical 
connection between the conductive surface and nickel filling 
the nanoholes was satisfactory. 
[0072] EXAMPLE 3 

This example describes anodization- current monitoring during 
the manufacture of a nanostructure using a metal substrate. 
[0073] In this example, the following was prepared as 
samples . 

Sample 3-1: A conductive layer composed of Mo having a 
thickness of 1 p was formed on a Ni substrate having a 
thickness of 0.5 mm by EB vapor deposition. 

Sample 3-2: A Mo board having a thickness of 0.5 mm was used 
as the substrate, and no conductive layer was formed. 
[0074] An aluminum film having a thickness of 1.5 \m was 
formed by vapor-deposition on the Mo film and the Mo 
substrate of the samples, respectively. The surface not 
provided with the aluminum film was coated by epoxy at the 
portion that would come into contact with the electrolyte. 
The anodization process was performed as in EXAMPLE 1. 
During anodization, the profile of the anodization current 
was constantly monitored. After a current drop indicating 
the anodization had reached the conductive surface, whether 
the current had stabilized (arrow Y in Fig 5) was confirmed. 
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and the voltage application was stopped to end the 
anodization process. 

[0075] The samples of this embodiment were observed with an 
FE-SEM. The anodized aluminum nanoholes similar to those in 
Fig. 6(a) were formed on each metal substrate. The depths 
of the nanoholes of this embodiment were uniform. 
[0076] COMPARATIVE EXAMPLE 3 

An aluminum board was anodized for 10 minutes under the same 
conditions as in EXAMPLE 3 so as to obtain a nanostructure 
having the structure shown in Fig. 3(a). This structure was 
observed with an FE-SEM as in EXAMPLE 3. According to the 
observation, there was a variation in depths of the 
nanoholes . 

[0077] EXAMPLE 3 and COMPARATIVE EXAMPLE 3 show that 
anodized aluminum nanoholes can be formed on a desired 
substrate by providing a conductive layer composed of the 
material shown in EXAMPLE 1 as an undercoat. Furthermore, 
in this example, the thickness of the anodized aluminum 
nanoholes, i.e., the depth of the nanoholes, was regulated 
by the thickness of the aluminum film. Accordingly, the 
depth of the nanoholes was made uniform over large areas. 
[0078] According to this example, the anodization current 
was monitored to determine the end of anodization based on 
the current profile. Thus, paths were formed with good 
reproducibility and undesired anodization was avoided. 
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[0079] EXAMPLE 4 

In this EXAMPLE, an n-Si substrate having a diameter of 2 
inches was used as the substrate . In Sample 4-1 , the 
conductive layer was a Ti film having a thickness of 200 nm. 
In Samples 4-1 and 4-2, the conductive layer was a Nb film 
having a thickness of 200 nm. The thickness of the aluminum 
film was 500 nm. Another sample was also prepared as 
COMPARATIVE EXAMPLE 4. The sample of COMPARATIVE EXAMPLE 4 
was without any conductive layer and had a partly anodized 
aluminum film having the structure show in Fig. 3b). 
[0080] The processes of c) anodization and d) pore widening 
were performed as in EXAMPLE 1. Sample 4-3 was heated at 
500° C for 1 hour in a reducing atmosphere containing 2% H 2 
and 98% He after the anodization. 
[0081] e) Filling of nanoholes 

The sample subjected to the processes up to the pore 
widening and a carbon counter electrode were immersed in an 
electrolyte containing 0.14 M of NiS0 4 and 0.5 M of H 3 B0 3 to 
deposit Ni on the nanohole bottoms . 

[0082] In COMPARATIVE EXAMPLE 4, a voltage of -15 V or more 
was required for electrodeposition, and the reproducibility 
of the deposition was poor. In Samples 4-1, 4-2, and 4-3, 
Ni uniformly filled the nanoholes over the entire surface of 
each sample at a low voltage ranging from -1 to -1.5 V 
relative to the calomel electrode. The structure shown in 
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Fig, 7(a) was observed using the FE-SEM. The cylindrical 
nanoholes having a diameter of approximately 50 nm were 
filled with Ni, and numerous Ni-filled nanoholes were 
aligned in parallel rows at a substantially uniform interval 
of approximately 100 nm. Particularly, Sample 4-3, which 
was prepared by depositing Ni to partly fill the nanoholes 
shown in Fig. 7(b) while controlling the amount of 
deposition, showed a small variation in amount of fillers 
among the nanoholes. 

[0083] The reason for this is presumably as follows. 
During the electrodeposition inside the nanoholes, it is 
essential that the deposition reaction proceed rapidly at 
the nanohole bottoms. In COMPARATIVE EXAMPLES, however, the 
barrier layer 32 at the nanohole bottom shown in Fig. 3b) 
obstructed the reaction, whereas in EXAMPLES, the Ni 
deposition reaction proceeded smoothly at the hole bottom 
due to the presence of the path 16 that functions as a 
conduction path at the nanohole bottom. 
[0084] Moreover, in Sample 4-3, since the paths at the 
nanohole bottoms were reduced by heating in a reducing 
atmosphere (hydrogen), the conducting property at the 
nanohole bottoms were presumably improved. The electric 
conductivity between the Ni filler and the conductive layer 
was examined, and the results showed that the electrical 
connection between the conductive layer and the filler was 
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sufficient in Samples 4-1, 4-2, and 4-3. 
[0085] EXAMPLE 5 

In this Example, a quartz glass substrate was used as the 
substrate. In Sample 5-1, a Nb film having a thickness of 1 
\xici was used as the conductive layer. In Sample 5-2, a Ti 
film having a thickness of 1 was used as the conductive 
layer. In Sample 5-3, a Cu film having a thickness of 1 (un 
was used as the conductive layer. In Sample 5-4, a Pt film 
having a thickness of 1 |im was used as the conductive layer. 
In Sample 5-5, a Co film having a thickness of 1 jam was used 
as the conductive layer. The thickness of the aluminum 
layer was 1 urn. The anodization was performed as in EXAMPLE 
1 for Nb and Ti, and as in EXAMPLE 2 for Cu, Pt, Co. 
[0086] A sample having the structure shown in Fig. 3(a) 
prepared by anodizing an aluminum board for 5 minutes was 
prepared as COMPARATIVE EXAMPLE 5. A sample having the 
structure shown in Fig. 3(b) prepared by partly anodizing an 
aluminum film on a quartz glass without any conductive layer 
was prepared as COMPARATIVE EXAMPLE 6. The thickness of the 
aluminum film is 1 jun, and the anodization time was 
continued for 5 minutes. 

[0087] Next, the nanoholes with the underlying Nb layer of 
this Example were heated in a He atmosphere in a temperature 
ranging from 200° C to 1,100°C for 1 hour, and the structure 
change was observed with a FE-SEM. The temperature was 
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increased and decreased at a rate of 5°C/min. 
[0088] Considering the melting point of aluminum (630° C), 
the on -aluminum nanoholes shown in Fig. 3(a) and (b) of 
COMPARATIVE EXAMPLES 5 and 6 were at a temperature ranging 
from 200 to 500° C. COMPARATIVE EXAMPLES 5 and 6 had the 
structure shown in Fig. 3a) and b) before heating, but the 
anodized films of the samples had film cracks after being 
heated at a temperature of approximately 300° C or more. 
[0089] On the other hand, the structure with the underlying 
conductive layer of this Example maintained the structure 
shown in Fig. 1 at high temperatures shown below. The 
change in structure due to heating was not observed. For 
example, the nanoholes were uniform, cylindrical nanoholes 
approximately 50 nm in diameter, and numerous nanoholes were 
aligned in parallel rows at a substantially uniform interval 
of approximately 100 nm. The intervals between the holes 
were uniform. 

[0090] Table 1 below shows the temperature range that did 
not cause damage. 
[0091] 
[Table 1] 





Material of 


Upper limit of the 




conductive 


temperature that does not 




layer 


cause damage in nanoholes 
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Sample 5-1 


Nb 


1,100° C or more 


Sample 5-2 


Ti 


approximately 600 to 900° C 


Sample 5-3 


Pt 


approximately 500 to 700° C 


Sample 5-4 


Cu 


approximately 400 to 500° C 


Sample 5-5 


Co 


approximately 400 to 500° C 



[0092] The above description fully demonstrates that the 
nanostructure of the present invention including on- 
conductive- layer nanoholes, particularly those including on- 
Nb nanoholes, had excellent heat resistance, thereby 
producing nanoholes that can withstand high temperature 
processes . 

[0093] Moreover, the TEM observation demonstrated that the 
oxidized aluminum constituting the anodized aluminum 
nanoholes after heating had superior crystallinity . When 
the acid resistance of the anodized aluminum nanoholes were 
compared before and after heating, it was found that the 
chemical stability was enhanced as a result of the heating. 
[0094] EXAMPLE 6 

Nanostructures including Nb and Pt conductive surfaces were 
prepared as in EXAMPLE 5. A metal or a semiconductor was 
introduced in the nanoholes of the structures by a method 
similar to that suggested in C. A. Huber et al. In 
particular, the material to be introduced and each 
nanostructure were placed in an ample of thin metal, and an 
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inert atmosphere was charged inside the ample. The 
temperature was increased to above the melting temperature 
of the material to be introduced, and the pressure was 
gradually increased to approximately 4 K bar so as to crush 
the ample with pressure. Although the temperature of the 
heating according to Huber et al. was up to 800° C, heating 
up to a temperature of 1,100° C was possible with the 
nanostructures of the present invention. 

[0095] Accordingly, not only metals such as In, Sn, and Al 
and semiconductors such as Se, Te, GaSb, Bi 2 , and Te 3 that 
have a low melting point, but also metals such as Ag, Au, 
and Cu and semiconductors such as Ge having a high melting 
point could be introduced. Moreover, in the present 
invention, because the nanoholes were disposed on the 
conductive material, the nanoholes could be electrically 
connected to the conductive layer of Nb or Pt. 
[0096] 

[Advantages] As described above, the present invention has 
the following advantages . 

1) An anodized aluminum film with highly uniform nanoholes 
can be formed on a desired substrate. 

2) An anodized aluminum film having highly uniform nanoholes 
can be formed on a conductive material. In a structure in 
which nanoholes are filled with a metal or a semiconductor, 
the metal of the semiconductor can be electrically connected 
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to the conductive material, 

3) An anodized aluminum film with nanoholes having uniform 
depth over a larger area can be formed. 

4) A nanostructure having superior heat resistance can be 
formed. An anodized aluminum film having superior 
crystallinity can be formed by heating. 

[0097] These advantages allow the anodized aluminum film to 
be used in various applications, thereby expanding its 
applicable range. The nanostructure of the present 
invention can by itself be used as a functional material; 
however, it may also be used as a base material or a mold 
for a novel nanostructure. 
[Brief Description of the Drawings] 

[Fig. 1] Fig. 1 is a schematic view showing the structure 
of a nanostructure of the present invention and includes (a) 
a plan view and (b) a cross -sectional view taken along line 
AA. 

[Fig. 2] Fig. 2 is a schematic cross -sectional view of a 
process for making the nanostructure of the present 
invention and shows a) the step of forming a conductive 
layer on a substrate, b) the step of forming a layer 
containing aluminum as the primary component on the 
conductive layer, c) the step of forming nanoholes by 
anodizing the aluminum layer, d) the step of expanding the 
nanohole diameter by pore widening, and e) the step of 
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filling the nanoholes with a metal or a semiconductor. 
[Fig. 3] Fig. 3 is a schematic view showing the structure 
of a conventional anodized aluminum film formed on an 
aluminum board (layer), and includes a) a cross-sectional 
view when the aluminum board is anodized, b) a cross - 
sectional view when the aluminum board on the substrate is 
partly anodized, and c) a perspective view of nanoholes 
formed on the aluminum board (layer). 

[Fig. 4] Fig. 4 is a schematic view for explaining an 
anodization apparatus. 

[Fig. 5] Fig. 5 is a graph indicating different current 
profiles during anodization. 

[Fig. 6] Fig. 6 is a schematic view showing the structure 
of the nanohole bottoms of nanostructures of EXAMPLES 1 and 
3. 

[Fig. 7] Fig. 67 is a schematic view showing the structure 
of the nanohole bottoms of nanohole bottoms of a 
nanostructure of EXAMPLE 4, and shows (a) the structure in 
which the nanoholes are completely filled and (b) the 
structure in which the nanoholes are partly filled. 
[Description of the reference numerals] 
10: substrate 
11: conductive layer 

12: layer containing aluminum as the primary component 
13: anodized aluminum film 
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14: 


nanoholes 


15: 


filler 


16: 


path 


17: 


oxide layer 


31: 


aluminum board 


32: 


barrier layer 


40: 


thermostat 


41: 


sample 


42: 


cathode 


43: 


electrolyte 


44: 


reaction vessel 


45: 


power source 


46: 


ampere meter 
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14: 
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14: 
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substrate 






11: 


conductive layer 
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41: 
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substrate 
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15: filler 
[Fig. 3] 

13: anodized aluminum film 

14: nanohole 

32: barrier layer 

12 or 31: aluminum board (layer) 
(a) 13: anodized aluminum film 

14: nanohole 

31: aluminum board 



32: barrier layer 

(b) 13: anodized aluminum film 

14: nanohole 

3 1 : aluminum board 

32: barrier layer 

10: substrate 
[Fig. 4] 

Anodization apparatus 

40: thermostat 

41: sample 

42: cathode 

43: electrolyte 

44: reaction vessel 

45: power source 

46: ampere meter 
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[Fig. 5] 

100: anodization current la 
101: time 

102: anodization of aluminum film 

103: conductive layer in contact with electrolyte 

[Fig. 6] 

(a) 10: substrate 

11: conductive layer 

13: anodized aluminum film 

14 : nanohole 

16: path 

17: oxide layer 

(b) 10: substrate 

11: conductive layer 

13: anodized aluminum film 

14 : nanohole 
[Fig. 7] 

(a) 10: substrate 

11: conductive layer 

13: anodized aluminum film 

14 : nanohole 

16: path 

17: oxide layer 

15: filler 

(b) 10: substrate 
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11: conductive layer 

13: anodized aluminum film 

i 14: nanohole 

16: path 

17: oxide layer 

15: filler 

i 
i 
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[Amendment] 

[Date of Filing] November 13, 1998 
[Amendment 1] 

[Name of Document to be amended] Drawings 
[Items to be amended] All of the drawings 
[Method of Amendment] Change 
[Contents of Amendment] 

[Fig. 1] 

(a) 14: nanohole 

(b) 14: nanohole 

13: anodized aluminum film 

10: substrate 

11: conductive layer 
[Fig. 2] 

(a) 10: substrate 

11: conductive layer 

(b) 10: substrate 

11: conductive layer 

12: aluminum layer 

41: sample 

(c) 10: substrate 

11: conductive layer 

13: anodized aluminum film 

14: nanohole 

(d) 10: substrate 
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11: conductive layer 

13: anodized aluminum film 

14: nanohole 

(e) 10: substrate 

11: conductive layer 

13: anodized aluminum film 

14: nanohole 

15: filler 
[Fig. 4] 

Anodization apparatus 

40: thermostat 

41: sample 

42: cathode 

43: electrolyte 

44: reaction vessel 

45: power source 

46: ampere meter 
[Fig. 5] 

100: anodization current la 
101: time 

102: anodization of aluminum film 

103: conductive layer in contact with electrolyte 

[Fig. 3] 

(a) 13: anodized aluminum film 
14: nanohole 
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31: aluminum board 
32: barrier layer 

(b) 13: anodized aluminum film 
14: nanohole 

31: aluminum board 
32: barrier layer 
10: substrate 

(c) 13: anodized aluminum film 
14 : nanohole 

32: barrier layer 

12 or 31: aluminum board (layer) 
[Fig. 6] 

(a) 10: substrate 

11: conductive layer 

13: anodized aluminum film 

14: nanohole 

16: path 

17 : oxide layer 

(b) 10: substrate 

11: conductive layer 

13: anodized aluminum film 

14: nanohole 
[Fig. 7] 

(a) 10: substrate 

11: conductive layer 
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13: anodized aluminum film 

14: nanohole 

16: path 

17: oxide layer 

15: filler 

(b) 10: substrate 

11: conductive layer 

13: anodized aluminum film 

14: nanohole 

16: path 

17: oxide layer 

15: filler 



